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ByD.G.MooreandA. G.Eubanks

An investigationwasmadeoftheeffect
metingtheadherenceofvitreouscoatingsto
steel.Itwasfoundthatcopperionsinthe

ofcopperoxideinpro-
AISItype321stainless
coatingproduceda signifi-

cantincreaseinadherenceonbothpickledandsandblastedsurfacesbut
thattheeffectofthecopperdecreasedwithincreasedfiringtempera-
tureandincreasedfiringtimeforthepickledspecimens.X-rayexami-
nationofspecimensrevealedthatthecopperionsarereducedtometal13.c
coppernew theinterfaceduringfiring;“however,examinationof sections
withthemetallographicmicroscopeshowedno selectivecorrosionofthe
stainless-steelsurface.

Itwasobservedthatthecurveobtainedwhenplottingcopperoxide
contentofthecoatingagaimstadherenceindexwasofthesametypeas
thatobtainedforcobaltoxideoningotiron.Thesimilari~ofthese
curves,whencotiinedwithotherobservations,wasbelievedto imply
that, inthecaseof18-8stainlesssteel,surfaceroughnessisrelatively
unimportanttothedevelopmentofbondbetweenvitreouscoatingsandthe
metal.

INTRODUCTION

A researchprogramaimedat obtaininga betterinsight
to-metalbondmechanismshasbeenineffectintheEnameled

intoceraarLc-
MetalsLabora-

toryattheNationalBureauofStandardssince1951. Theoveraldplanin
thisworkhasbeento determinetheeffectofdifferentvsriablesonthe
adherenceofvitreouscoatingstometalsandalloysandthentoarrive
atthemostprobablebondingmechanism,ormechanisms,to explainthe
observedbehavior.

Eightreportshavebeenpublishedsincetheprogramwasinitiated
(refs.lto 8). Alleighthavebeenconcerned,eitherdirectlyorindi-
rectly,withtheadherenceofvitreouscoatingsto ironandlow-carbon
steel@ fiveoftheeighthavebeenconcerneddirectlywiththeaction
of“adherenceoxides.”Theactionofadherenceoxideshasreceived
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specialemphasisbecauseitwas
smunderstandingofhowcertain
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felt,fhomthebeginning,that,without
metaloxidesimproveadherence,no

theoryforbonddevelqxnentbetweenceramicmaterialsandmetalscould
achievegeneralacceptance.

Threeoftheearlierinvestigations(refs.1,2,and3) seemedto
poin%to thegalvaniccorrosiontheoryofDietzel(refs.9 and10)as
~~ one@or_bantmec=sm bywhichstrongadherencedevelopson
ironspecimenswhencobaltionsarepresentinthecoating.According
tothistheory,thepowerfulbondis causedby a mechanicalanchoring
ofthecoatingto anironsurfacewhichhasbeenroughenedduringfiring
by a localgalvanicceU action.Inoneofthestudies(ref.2)a good
correlationwasfoundto existbetweenadherenceindexandthenumberof
undercutsoranchorpointsintheironsurfaceandthisfindingsuggested
thata mechanicalinterlockbetweencoatingandmetalmay,infact,play
animportantroleinbonddevelopment.However,itwasnotedinLiter ~
reports(refs.3 and~)thatthismechsukmcannotbe consideredasthe
wholeexplanationofadherence,evenforcobalt-bearinggroundcoatson
iron.

Recently,itwasdiscoveredthatcopperionshavea pronounced
actioninpromotingadherencewhenpresentina coatingappliedto stain-
lesssteel.Inasmuchasthiswasthefirstobservationofa metalion
improvingtheadherenceofa coatingto anymetalotherthanironorlow-
carbonsteel,itwasdecidedto investigatetheeffectfurther.The
goalinthisparticularphasestudywasto determinewhethertheaction
ofthecopperionswassWW to thatof cobaltionsin coatingsfor
ironorwhether,onthecontrary,thetwoactionswereSignifimt~
different.As intheearlierinvestigations,thepresentworkwas
carriedoutunderthesponsorshipandwiththefinancialassistanceof
theNationalAdvisoryCommitteeforAeronautics.

MAmIksANDPROCEDURE

A vi.treous-~ecoatingwasselectedforstudy.Themillbatchof
thiscoating(E-1)is givenintable1,whilethecompositionofthe
basefrit(109-0)islistedintable2. No adherenceoxidesarepresent;
therefore,noadherencedevelopswhenthecoatingisappliedto ordinary
steel.

The109-0basefritwasusedinpreparingtheE-1coatingo . In
eaddition,fiveothercoatingsoftheE-1typewerepreparedinw chthe

109-0fritw& modifiedby additionsof0.5,1.0,2.0,4.0,and8.oper-
centbyweightof cqricoxide.ThemillbatchandmilMngprocedure
wasthesameforthesecoatingsasfortheE-1.
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“.J Thealloyusedintheinvestigation
steel.WS isanaustenitic18-8tioy
corrosionby theadditionoftitaniumin

3

wasAISItype321stainless
stabilJ.zedagainstintergranular
anamountequalto fivetimes

thecarboncontent.A totalof274specimens,4 inchessquare,was
shesredfroma singlelotof18-gagesheet.Halfoftheresultingspeci- ‘
menswerecleanedbypicklingfor15minutesat190°F ina solution
withthefollowingproportionsofferricchloride,hydrochloricacid,
andwater:

Ferricchloride(FeC13.6~0),g . . . . . . . . . . . . . . . . . 100
H@rochloricacid(concentrated),ml . . . . . . . . . . . . . . ~
~later,nil.. . ... . . . . . . . . . . . . . . . . . . . . . . ..85o

Theotherhdf ofthespecimensweresandblastedusinganairpres-
sureof ~ psianda silicasandsizedtopassa No.20U. S.Standard
sieveandbe retainedona No.100.

.

Thecoat~s w~e appliedtothespecimensby dipping,tiecut@
s~p ineachcasebeingadjustedto givea firedthicknessintherange
0.004to 0.005inch.Thespecimenswerefiredinan electricallyheated
boxfurnaceatteqeraturesvsz@.ngfrom1,450°to1,750°F.

lhmediatelyafterfiring,theadherenceindiceswereevaluatedfor
eachsetof sevenspecimenswiththePorcelainEnamelhstituteAdherence
Meterusedas specifiedby theA.S.T.M.procedure(ref.n). Selected
specimensfromtheadherencedeterminationwerelatersectionedand
examinedwitha metallographicmicroscope.

RESULTSANDDISCUSSION

EffectofFiringTemperature

FigureL showstheeffectoffiringfor5 minutesatfourdifferent
temperaturesontheadherenceoftwocoatings(copper-freeandcopper-
bearing)whena~liedto stainless-steelspecimenscleanedbothby sand-
blastingsndby piC~o

Itwillbe notedfromthisfigurethatthereisa genersltendency
forthecopperoxideto increasetheadherenceindexforbothsandblasted
andpickledspecimens.Thistendencyisespeciallynoticeableatthe
normal.firingtemperatureofthecoating(1,550°F);itislesswell
definedwhenthecoatingisunderftied(1,450°F) oroverfired(l,7w0F).

.
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“ EffectofFiringTime

Figure 2 showstheeffectoffiringtimeat1,550°F. Again,in
thesecuxves,thetendencyisforcopperto improvetheadherenceto
boththesandblastedandpickledspecimens.Inthecaseofthepicmed
specimenstheeffectofthecopperbecomeslessandlessasthefiring
timeis increasedbeyond4 minutes,butforthesandblastedspecimens
theeffectofthecopperis stilJ_pronouncedafter32minutesoffiring.
Incontrast,theadherenceofthecopper-freecoatingon sandblasted
specimensisexcellentafterthe2-andL-minutefiringsbutfalls
rapidlyto a lowvalueafterthe8-minutetreatment. .

EffectofCopperOxideContent

Figure3 showsthecurveobtainedwhenthecopperoxidecontentof
thecoatingwasplottedagainstadherenceindexas comparedwitha simi-
larcurveforcobalt-bearingcoatingsoningotiron.Thedataforthe
comparisoncurvewereobtainedinan earlierstudy(ref.2) inwhichthe
ssneE-1coatingwasmodifiedby addingcobaltofideratherthancopper
oxidetothebasicfrit. Ihbothcases,thecoatingswereapplledto
pic~edmetsl.

Thesimilari@ofthetwocurvesis-diately appsxent.Both
peakatapproximately1 percentaddedoxideandbothbeginto fti off
withincreasingoxidecontent.Sucha closesimilari~inbehavior
suggeststhatthemechanismresponsibleforthebonddevelopmentmaybe
thesameinbothcases.

MicroscopicExamination

Representativespecimensweresectionedand~nedti~ themets,l-
lographicmicroscope.Thisexamititionshowedthatthepresenceofcopper
ionsinthecoatinghadno detectableinfluenceontheroughnessofthe
interface.

Thedifferenceintheappearanceoftheinterfacebetweena cobalt-
bearingcoatingoningotironanda copper-bearingcoatingon stainless
steeliswellbroughtoutby thephotomicrographsoffigure4. Ihboth
systems,thepresenceofthemetalionsincreasesadherence.bya sti-
stantialamount,buto~ inthecaseofthecobalt-bearingcoatingon
ironisthisincreaseaccompaniedby an increasein surfaceroughness.
Althoughtheroughnessofthestainless-steelinterfacewas,fromall
appearances,unchanged,theadherenceindexincreasedfrom2.0forthe
coatingwithno copperoxideto 67.0fora coatingccmtalninn1 percent.

,- /
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Itwasbelievedpossiblethatroughnessmightbe generatedona
finerscaleforcopper-bearingcoatingson stainlesssteelthanfor
cobalt-besringcoatingsoniron.Fortlsisreason,anexaminationof
thesectionswasmadeusinganoil-immersionobjectivegivinga mag-
nificationofabout2,000.Againno changeinroughnesswithcopper
contentwasdetected.Whenviewedatthishighmagnification,however,
a layerofmetaJMc-lootingcrystallitewasobservedneartheinterface.
Thislqferwaspresentinallofthecoatingsthatcontainedcopperand
wasontheorderof0.0003inchthick.Thecrystallite,whichwere
coppercolored,appearedtobe embeddedina glassymatrix.Theregion
orbandcontainingthecrystallitewasseparatedfromthesurfaceof
thestainlesssteelbya thindarklayer,appro-tely 0.000015inch
thick.Thecrystdlitesbecamelargerwithincreasedcoppercontentof
thecoating,butthetbictiessofboththeregioncontainingcrystslMtes
andthedarkintermediatelayerappearedtobe independentofcopper
contentovertherange0.2to 8.opercentbyweightof copperoxide.

X-RayExamination

EarlierworkusingCoa asa tracershowedthatcobaltmetalplates
outduringfiringofa cobalt-bearinggroundcoaton&ori(ref.1).
Copperdoesnotactasanadherencepromoterin coatingsoniron,butit
doeson stainlesssteel.Thepresenceofthemet&!&Lccrystallitenesr
theinterfacegavesomeindicationthatcomerionswerebeingreduced
atorn= thestainless-steelsurface,butidentificationofthecrys-
tslllltesasmetaliccoppercouldnotbemadewithcertain@bymicro-
scopicmethodsalone.

Considerationwasgiventouseofa radioactiveisotopeofcopper
asa tracer,butunfortunatelycopperhasnoradioactiveisotopesof
sufficientlylonghalf-lifeforworkofthistype.l

IdentificationofthecrystalMteswasthereforeattemptedby X-ray
methcds.b thiswork,tibs1 inchsquarewerecutfromfiredspecimens
sndmountedinLucitewiththecoatedsideup. X-rsyfluorescentspectra
andX-raydiffractionpatternswerefirstobtainedfromthecoatingsur-
face,afterwhichthemountsweretransferredto a lapandanroximately
0.001inchof coatingmaterialwasgroundaway.BothtypesofX-raydata
wereagainobtained;theentireprocedurewasthenrepeateduntilallof
thecoatingmaterialhadbeenremovedandthestainless-steelsurface
wasexposed.

1=64 hasa half-lifeof12.88hoursandisa stronggsma emitter.
Suchan isotope,ifitwererushedfromthepileandusedinmetiately,
mightgiveinformationofvalue.Theshorthalf-life,however,would
restrictitsusefulness.

. .— ._ . .= _ .—..—._.— ._._. .—.—.= —___ __ .— ———.. —— ——
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BecauseofthetransparencyofthevitreouscoatingtoX-radiation,
.?

itwasnotpossibleto establishanysystematicrelationshipbetweenthe
fluorescentspectrallineintensitiesof copperandthedistance-ofthe -,
examinedsurfacefromthecoating-metalinterface.Ontheotherhand, d

theX-raydiffractionmeasurementson specimensfromwhichthecoating
wasalmostentirelygroundawayclearlyshowedthepresenceofmetallic
copper.Thisresultestablishedthatcopperionsinthecoatingare
reducedat orneartheinterfaceduringthefiringoperation.

IMPLICATIONSOFRESUDTS‘1’(3ADHERENCETWOKtES

As mentionedintheIntroduction,practicallyallofthe
workinthislaboratoryhaspointedquitestronglyto a close

earlier
correla-

tionbetweenadherence-and&e ro@-ess ofthe-i&nsurface(ref.2).
Likewise,inthepresentinvestigationitwasobservedthatinall
casesbetteradherencedevelopedona roughsandblastedstainless-steel
spectinthanona smoothpickledsurface.Suchan observation,by
itself,suggeststhatsurfaceroughnessalsoplaysan importantrolein
thedevelopmentofbondbetweenvitreouscoatingsandstainlesssteel.

.
A closerinspectionofthedata,however,bringsouttwoobserva-

tionsthattendtoruleoutroughnessasa factbrinbonddevelopment.
First,theadherenceofthecopper-freecoatingon sandblastedspecimens -
wasfoundto falloffrapidlywithbothfiringtimeandfiringtemperature;
yet,atthesametime,therewaslittleifanydecreaseintheroughness
oftheinterface.Second,thepresenceofcopperionssubstantially
improvedbondwithoutpromotinganYselectiveattackonthestainless-
steelsurface.

.
Thesetwoobservationsappeartoruleoutroughnessasa controlling

factorintheadherenceofcoatingsto stainlesssteel.Infact,the
similari~ofthetwocurvesshowninfigure3 indicatesthatroughness
mayalsobe relativelyunimportantinthecaseof coatingsoniron.These
twocurvesareenoughaliketo suggestthatthesamebasicbondingmech-
anismisactivewhena cobalt-bearingcoatingisappliedto ironaswhen
copper-bearingcoatingsareappliedto stainlesssteel.Inbothcases
themetalionsarereducedandplateoutasmetalat orneartheinter-
face.Theplating-outreactionisaccompaniedby a formationofmetal
oxideatthespecimensurfaceinaccordancewiththefollowingreaction:

M’O+M+MO + M’ (1)

where M’O istheadherenceoxideand M isthemetaltowhichthe
coatingisapplied. .

--,
.

. ..—— -.—__— —. ——.
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It seemsconceivablethatitisthemetaloxideformedfromthe
plating-outreactionandnottheactionoftheplated-outmetalthatis
largelyresponsibleforthebonddevelopment.Ifthisisthetruepic-
ture,thenthecorrelationsobservedealierbetweenthenumberofanchor
pointsandadherenceindexforcoatingsoniron(ref.2) couldbeconsid-
eredas for~tous.2 Inotherwords,theanchorpointscouldbe an index
to theamountofoxideformedfromreaction(1)listedaboveandit
cotidbe thepresenceofthisoxideratherthantheanchorpointsthat
waslargelyresponsibleforbonddevelopment.Theoxidewouldnot
necessarilybepresentasa discretelayerasproposedby IQutz(refs.K?
and13)butratherasan oxide-enrichedlayerof coatingmaterial.It
isbelievedobviousthatmoreresearchisneededto investigatefully
thevariouspossibilities.

NationalBureauofStandards,
Wash@@n,”D. C.,July30,1955.

.
%s possibiliwwassuggestedinanearlierpaperonthegalvanic

corrosiontheory(ref.3).
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TABLEl.- MIILR4TCHOFE-1COATING

[
Milling time, 3 hr; fineness,10gon200meshfromw ml ofs~~

Material Weight,g

Itcit 1,000
Enameler’sclay 60
Borax
Water ‘ 4:

TABLE2.-R!ITCHANDCOMPUTEDOXIDECOMPOSEI!IONOF109-0FRTI!

(a)Batchcomposition

Material

Potashfeldspsx
Borsx(hydrated)
Flint
Sodaash
sodaniter
Fluorspar

Partsbyweight

30.82
W+.25
30.50
9.16
5.15
8.3o

128.18

(b)Computedoxidecomposition

OxidePercentbyweightI
~1.o
16.1
5*7

15.4
3.5
8.3

100.0
.

.,

—
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I@me 2.- Effect of firing tim at 1,~.500F on edherence Itiex of vitreous coating E-1, both with
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WEIGHT PERGENT OXIDE

Cbnrparison of adherence-promotingeffect of L3J0in E-1 type of coating applied to
A181 type 321 stainless steel with effect of’Co3q in same type of’ coating apjlied to
ingot iron. E&cimns were cleaned by pickling; firing was for 5 minutes at 1,55@ F.
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